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Statement  of  the  problem  studied 

The  focus  of  our  study  is  to  investigate  the  structure  and  dynamics  in  metallic 
supercooled  liquids  and  glasses  in  order  to  understand  the  glass  forming  ability  (GFA)  of 
metallic  systems.  Metallic  glasses  possess  unique  properties  such  as  mechanical  and  magnetic 
properties  but  the  widespread  use  of  metallic  glasses  is  hindered  by  the  very  low  GFA  of  most 
metallic  alloys.  Nuclear  magnetic  resonance  (NMR)  is  an  ideal  tool  for  investigating  both 
structure  and  dynamics.  Using  NMR,  along  with  x-ray  diffraction  (XRD)  and  differential 
scanning  calorimetry  (DSC),  we  have  investigated  systematically  the  structure,  microscopic 
dynamics,  and  nucleation  and  growth  processes  of  Zr-based  and  Pd-based  bulk  metallic  glasses 
(BMG).  These  studies  provide  important  information  on  the  GFA  of  metallic  glasses. 


Summary  of  the  most  important  results 


Slow  atomic  motion  in  Pd-based  systems:  diffusion 

NMR  measurement  of  slow  atomic  motions  near  Tg  has  been  carried  out  using  stimulated 
echo  technique  in  PdNiCuP  BMG.  Similar  technique  has  been  used  earlier  to  detect  slow  Be 
atomic  motions  in  Vitl  and  Vit4  BMG.  We  measured  the  hopping  rate  Q  of  phosphorus  atoms 
in  various  Pd-based  BMG.  As  an  example,  the  temperature  dependence  of  Q=1/7se  in  BMG 
Pd43Cu27NiioP2o  is  shown  in  Figure  1  (a).  The  effect  of  diffusion  near  Tg=570  K  is  clearly  visible 
by  NMR.  Systematic  measurements  of  Q  versus  1  IT  were  carried  out  for  several  Pd-based  BMG 
systems  and  the  results  are  shown  in  Fig.  1  (b).  Again,  most  systems  exhibit  activated  behavior 
of  motion  with  the  same  activation  energy  of  1.34  eV  except  in  Pd41.75Cu41.75Pi6.5-  Pd4oNi40P2o 
exhibits  the  slowest  P  motion  compared  to  Pd43NiioCu27P2o,  Pd4oNii0Cu3oP20,  and 
Pd41.75Cu41.75Pi6.5-  Pd4oNi4oP20  possesses  similar  P  motion  as  that  in  Pd47Ni9Cu25Pi9-  Although 
the  activation  energy  is  the  same  (except  in  Pd4i.75Cu4i.75Pi6.5),  the  pre-exponential  factor 
changes  significantly  from  system  to  system. 


Temperature  (K) 


T 1 

Figure  1:  (a)  P  stimulated  echo  decay  rate  l/TsE  (hopping  rate)  versus  temperature  in 
Pd43NiioCu27P2o.  (b)  Q(7)  of  various  Pd-based  BMGs.  The  activation  energy  is  1.34  eV  except 
in  Pd4oCu4oP2o. 
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It  is  important  to  understand  what  factors  influence  this  pre-exponential  factor.  Based  on  Fig.  1 
(b),  a  correlation  can  be  established.  P  motion  is  linked  to  the  Cu  content,  namely,  the  higher  the 
Cu  content  the  faster  P  hopping.  Starting  from  Pd4oCu3oNii0P20,  it  is  interesting  to  see  that 
substitutions  of  Cu  by  Pd  or  Ni  reduce  P  motion.  Phosphorus  diffusion  plays  an  important  role 
in  the  slowdown  of  dynamics  and  structural  relaxation  and  is  directly  related  to  the  GFA.  The 
influence  of  such  composition  dependence  of  P  diffusion  provides  important  information  on  the 
factors  influencing  the  GFA. 


Fast  atomic  motion  in  Pd-based  systems:  microscopic  dynamics 

With  regard  to  the  microscopic  dynamics  of  crystal  melting,  the  Lindemann  criterion 

states  that  melting  occurs  when  the  root-mean-square  atomic  displacement  V<  u2  >  caused  by 

vibrations  reaches  a  certain  fraction  of  the  equilibrium  atomic  spacing.  Define  sl<  u1  >  as  a 
measure  of  the  dynamically  induced  deviation  of  atomic  spacing  from  the  equilibrium  value,  thus 
excluding  the  effect  of  diffusion,  <  w 2  >ccT  is  expected  to  be  valid  in  both  solids  and  dense 
liquids  of  predominantly  harmonic  systems.  Therefore,  the  identification  of  a  temperature  region 
with  rapidly  changing  <  u 2  >  bridging  two  <  u 2  >cc  T  regions  could  be  viewed  as  a  signature  of 
liquid-like  to  solid-like  transition  in  supercooled  liquids.  For  experimental  investigations  of  such 
transition,  dense  metallic  supercooled  liquid  is  an  ideal  system  compared  to  other  systems  such 
as  molecular  systems.  Metallic  liquids  are  simple  liquids  of  close-packed  atoms  without  internal 
degree  of  freedom  where  atomic  vibrations  are  expected  to  be  predominantly  hannonic  even  in 
the  liquid  state  near  7nq.  This  makes  the  recognition  of  liquid-like  to  solid-like  transition  through 
<  u 2  >  versus  T  transparent.  Mode-coupling  theory  (MCT)  predicts  the  existence  of  such  a 
transition  in  simple  liquids.  It  predicts  that  the  onset  of  this  transition  upon  cooling  occurs  at  a 
critical  temperature  Tc  significantly  above  Tg.  Such  a  liquid-like  to  solid-like  transition  through 
the  observation  of  <  u2  >  in  metallic  supercooled  liquids  has  not  been  reported.  We  developed 
an  NMR  technique  to  measure  the  effect  of  <u2  >  in  metallic  Pd43NiioCu27P20  over  a  wide 
temperature  range.  A  clear  liquid-like  to  solid-like  transition  is  observed  with  a  transition  region 
ranging  from  a  temperature  significantly  above  Tg  down  to  around  Tg. 

Figure  2  (a)  shows  the  room  temperature  (RT)  31P  NMR  spectra  of  the  glassy 
Pd43Ni10Cu27P2o  sample  as  well  as  the  spectrum  in  the  liquid  state.  For  comparison,  the  spectrum 
of  the  crystallized  sample  is  also  shown.  Here,  the  shift  of  the  peak  originated  from  the  Knight 
shift  K  is  a  direct  measure  of  <  « 2  >  in  the  supercooled  liquid  state.  Figure  2  (b)  shows  the 
observed  average  shift  K  from  RT  up  to  T>T\K].  The  shift  changes  linearly  with  temperature  both 
above  700  K,  with  a  slope  of  0.75  ppm/K,  and  below  Tg,  with  a  slope  of  0.27  ppm/K.  The  much 
steeper  change  of  K  with  temperature  between  580  K  and  700  K  in  Fig.  2  (b)  is  a  very  interesting 
feature.  It  clearly  separates  the  two  temperature  regions,  namely,  the  liquid-like  region  above 
700  K  and  the  solid-like  region  below  580  K.  It  demonstrates  that  local  atomic  motion  present  in 
the  liquid  state  persists  in  the  supercooled  liquid  state  down  to  700  K  below  which  it  decreases 
rapidly  and  reaches  the  level  of  local  atomic  motion  present  in  the  glassy  state  near  Tg.  It  shows 
that  the  gradual  freezing  of  certain  local  atomic  motions  starts  at  a  temperature  significantly 
above  Tg.  A  candidate  of  such  local  atomic  motion  is  the  fast  P-process  associated  with  rattling 
motions  of  atoms  confined  in  temporary  cages  formed  by  neighboring  atoms.  Based  on  mode¬ 
coupling  theory  (MCT),  this  motion  is  predicted  to  induce  a  temperature  dependent  V<  u:  > 
below  Tc  given  by 
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where  a>0  and  nc  is  the  magnitude  of  motion  at  and  above  the  critical  temperature  Tc.  A  (it  of  A" 
is  shown  in  Fig.  2  (a)  using  Eq.  (1).  Our  results  are  consistent  with  MCT.  Further  studies  of 
BMG  with  different  compositions  will  be  reveal  the  nature  of  such  critical  slowdown  in 
microscopic  dynamics. 


Figure  2.  (a)  P  NMR  spectra  of  the  glassy  and  crystallized  samples  at  RT,  detected  using  the 
Hahn  echo  sequence  (14)  (90°-10ps-180°-10ps-detection),  and  the  spectrum  of  the  liquid  state 
taken  at  1057  K.  The  shift  K  is  defined  as  K  =  (v  -  vref )  /  vre{  where  v  is  the  frequency  and  vref 

is  the  resonance  frequency  of  the  reference  sample  (85%  H3PO4  for  P).  The  RT  spectrum  has  a 
full-width-at-half-height  linewidth  of  about  630  ppm  (100  kHz  at  9.4  Tesla  and  50  kHz  at  4.7 
Tesla),  (b)  The  average  shift  K  in  the  liquid,  supercooled  liquid,  and  glassy  states  (solid  circle) 
as  well  as  that  of  the  crystallized  sample  (open  triangle).  The  solid  line  is  a  fit  using  Eq.  (1)  with 
Tc  =  655  K .  The  inset  shows  7)  770  versus  T.  T\  was  measured  using  the  saturation  recovery 
method. 

Crystallization  in  Pd4$Ni  10CU27P20  Melts 

Pd43NiioCu27P2o  alloy  has  the  lowest  critical  cooling  rate  of  all  BMGs  discovered  thus  far. 
The  high  stability  of  these  quaternary  PdNiCuP  alloys  against  crystallization  leads  to  a  large 
experimentally  accessible  time  and  temperature  window  for  investigations  of  the  transformation 
behavior  under  isothennal  conditions  from  the  supercooled  liquid  into  crystalline  phases. 
Statistical  methods  are  powerful  tools  to  investigate  crystallization  of  supercooled  liquids.  One 
approach  is  to  divide  the  sample  into  small  particles.  It  was  found  that  much  deeper 
undercooling  can  be  achieved  in  samples  consisting  of  a  large  number  of  small  isolated  droplets 
than  in  one  large  sample.  We  studied,  among  others,  the  crystallization  of  a  collection  of  a  few 
hundred  Pd43Nii0Cu27P2o  particles  that  are  100  to  350  pm  in  diameter  and  are  separated  from 
each  other  by  A1203  particles  (50  pm  in  diameter)  and  B203. 

Figure  3  (a)  shows  the  heat  release  detected  by  DSC  as  a  function  of  the  length  of  time 
the  Pd43Ni10Cu27P2o  particles  were  held  isothermally  at  733  K.  Interestingly,  crystallization  of 
the  particles  does  not  occur  simultaneously  but  spreads  out  over  more  than  1.5xl05  s.  From  this 
measurement  the  number  of  crystallization  events  occurring  within  time  interval  of  6000  s  is 
plotted  as  a  function  of  time  as  shown  in  Fig.  3  (b).  The  number  of  crystallization  events  is 
Poisson  distributed.  Since  individual  crystallization  events  are  observed,  the  crystallization  of 
each  particle  must  be  triggered  by  a  single  nucleation  event.  Otherwise,  averaging  over  many 
nucleation  events  will  smear  out  the  wide  spread  in  time  of  crystallization  events.  From  these 
data  the  nucleation  rate  7ss  as  a  function  of  temperature  can  be  directly  measured. 
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Figure  3  (a)  Figure  3  (b) 


With  the  300-particle  sample  isothermal  crystallization  studies  were  perfonned  at 
temperatures  covering  the  entire  supercooled  liquid  temperature  range  as  shown  in  Fig.  4.  The 
crystallization  of  the  individual  particles  at  753  K  is  spread  out  over  78000  s  and  65%  of  the 
particles  do  not  crystallize  within  this  time  period.  At  723  K  the  data  look  very  similar  (different 
vertical  scale).  However,  the  time  over  which  the  events  are  spread  out  decreases  to  42000  s  and 
only  1 0%  did  not  crystallize  over  this  time  period.  Lowering  the  temperature  by  only  5  degrees 
to  718  K  results  in  a  very  different  DSC  signal  as  shown  in  Fig.  4.  More  than  95%  of  the  sample 
crystallized  simultaneously  after  240  s  within  200  s.  The  residual  liquid  particles  do  crystallize 
within  3x10  s.  For  lower  temperatures  the  crystallization  event  of  the  300  particle  sample  can 
not  be  distinguished  from  a  sample  that  contains  just  one  bulk  particle. 
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Figure  4 

Theoretical  analysis  shows  that  it  is  not  possible  to  describe  the  entire  crystallization 
using  one  single  steady  state  nucleation  mechanism.  Since  the  time  scale  to  reach  the  onset  of 
crystallization  is  up  to  three  orders  of  magnitude  larger  than  the  time  scale  for  the 

completion  of  each  crystallization  event  itself  the  subsequent  rapid  crystallization 

requires  a  sudden  dramatic  increase  in  the  nucleation  rate.  This  can  be  explained  qualitatively  in 
the  following  way.  The  first  nucleus  forms  according  to  a  very  low  initial  steady  state  nucleation 
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rate  Tss •  This  nucleus,  then,  triggers  rapid  nucleation  by,  for  instance,  changing  the  composition 
in  its  neighborhood  causing  a  chain  reaction-like  process.  We  observed  a  dramatic  change  of  the 
crystallization  of  an  ensemble  of  particles  from  individual  crystallization  above  723  K  to 
collective  crystallization  below  718  K  (Fig.  4).  Here,  crystallization  must  be  diffusion  controlled 
such  that  every  particle  behaves  the  same  way.  This  suggests  that  no  considerable  nucleation 
barrier  for  the  formation  of  crystals  exists  below  the  transition  range. 


Crystallization  in  Zr^Ti n.sCu u.sNi  10.08022.5  Melts 

In  the  past  several  years,  a  large  number  of  experiments  have  been  performed  to  study  the 
effects  of  thermal  treatments  on  BMG.  In  particular,  the  Vitl  has  been  investigated  extensively. 
Upon  annealing  above  613  K  which  is  near  the  DSC  (differential  scanning  calorimetry)  glass 
transition  temperature  77  and  below  a  critical  temperature  Tc  of  around  673  K,  Vitl  has  been 
found  to  decompose  into  two  supercooled  liquid  phases  as  revealed  by  the  appearance  of  an 
interference  peak  in  SANS.  Further  annealing  results  in  precipitation  of  crystalline  phases. 
However,  there  are  uncertainties  regarding  the  nature  of  the  precipitated  nanocrystalline  phases 
and  it  is  difficult  to  determine  quantitatively  the  volume  fraction  of  nanocrystals  in  the 
amorphous  matrix.  Using  9Be  NMR,  XRD,  and  SANS  we  found  that  the  formation  of  a  Be- 
containing  icosahedral  phase  plays  an  important  role  in  the  devitrification  process  of  Vitl  below 
Tc.  Above  Tc,  Be2Zr  forms  along  with  Zr2Cu  and  other  crystalline  phases.  XRD  pattern  hints  at 
some  possible  structural  link  between  the  icosahedral  phase  in  Vitl  and  Be2Zr  and  Zr2Cu.  Our 
NMR  and  XRD  results  demonstrate  that  Be  participates  in  the  formation  of  the  icosahedral  phase 
in  Vitl  upon  annealing  below  Tc.  The  formation  of  the  icosahedral  phase  in  Vitl,  preceded  by 
the  decomposition  of  the  supercooled  liquid,  is  not  polymorphic  and  probably  occurs  in  a  Ti- 
poor  (Be-rich)  region.  The  fine-grained  structure  produced  by  decomposition  of  the  supercooled 
liquid  in  Vitl  limits  the  grain  size  of  the  icosahedral  phase  and  leads  to  broad  XRD  diffraction 
peaks  compared  to  that  observed  in  Vit4.  Above  Tc,  annealing  produces  Be2Zr  and  Zr2Cu,  which 
might  originate  from  the  decomposition  of  the  metastable  icosahedral  phase.  The  XRD  data 
indicates  that  there  is  a  structural  relationship  between  the  icosahedral  phase  formed  in  Vitl  upon 
annealing  and  the  Be2Zr  and  Zr2Cu  crystalline  phases. 
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